Background: Diabetes mellitus is a common co-existing disease in the critically ill. Diabetes mellitus may reduce the risk of acute respiratory distress syndrome (ARDS), but data from previous studies are conflicting. The objective of this study was to evaluate associations between pre-existing diabetes mellitus and ARDS in critically ill patients with acute hypoxemic respiratory failure (AHRF). Methods: An ancillary analysis of a global, multi-centre prospective observational study (LUNG SAFE) was undertaken. LUNG SAFE evaluated all patients admitted to an intensive care unit (ICU) over a 4-week period, that required mechanical ventilation and met AHRF criteria. Patients who had their AHRF fully explained by cardiac failure were excluded. Important clinical characteristics were included in a stepwise selection approach (forward and backward selection combined with a significance level of 0.05) to identify a set of independent variables associated with having ARDS at any time, developing ARDS (defined as ARDS occurring after day 2 from meeting AHRF criteria) and with hospital mortality. Furthermore, propensity score analysis was undertaken to account for the differences in baseline characteristics between patients with and without diabetes mellitus, and the association between diabetes mellitus and outcomes of interest was assessed on matched samples. Results: Of the 4107 patients with AHRF included in this study, 3022 (73.6%) patients fulfilled ARDS criteria at admission or developed ARDS during their ICU stay. Diabetes mellitus was a pre-existing co-morbidity in 913 patients (22.2% of patients with AHRF). In multivariable analysis, there was no association between diabetes mellitus and having ARDS (OR 0.93 (0.78-1.11); p = 0.39), developing ARDS late (OR 0.79 (0.54-1.15); p = 0.22), or hospital mortality in patients with ARDS (1.15 (0.93-1.42); p = 0.19). In a matched sample of patients, there was no association between diabetes mellitus and outcomes of interest.
Background
Acute hypoxemic respiratory failure (AHRF) is a common cause of admission to the intensive care unit (ICU). Many patients with AHRF will meet criteria for acute respiratory distress syndrome (ARDS), whilst those that do not meet the criteria remain at risk of developing it. ARDS remains a common condition in the critically ill and is associated with high mortality [1] . The long-term sequelae of ARDS are considerable, with substantive reductions in long-term quality of life [2, 3] .
Despite numerous clinical trials there remain few therapeutic options for patients with ARDS [4] . Recent studies have identified subphenotypes of ARDS, which have a differential response to treatment [5] . The variety of pre-disposing conditions and inciting events for ARDS contributes to the heterogeneity of patients with this condition. It has been hypothesised that this heterogeneity may explain why therapies that were effective in exploratory studies were not shown to be effective in phase III trials [4] . Targeting interventions to prevent ARDS in patients at higher risk may prove more effective, and it is therefore necessary to identify those groups of patients who have a higher risk of ARDS.
Diabetes mellitus is common [6] , with 4.4% of the world's population anticipated to have a diagnosis by 2030 [7] . Observational data suggest that 40% of patients admitted to ICUs have a pre-existing diagnosis of diabetes mellitus [8] . Diabetes mellitus may protect against the development of ARDS. Whilst several studies indicated that patients with diabetes mellitus are less likely to develop ARDS [9] [10] [11] [12] [13] [14] , others did not demonstrate any protective effect of diabetes mellitus [15, 16] . The effect of diabetes mellitus on the risk of mortality in critically ill patients is also unclear, with most [17] [18] [19] , but not all [16] , data suggesting that diabetes mellitus is not associated with an increased risk of mortality. No studies have examined this relationship since the introduction of the current Berlin definition of ARDS [20] . Therefore, there remains a need to clarify and define any associations between diabetes mellitus and this syndrome. Any potential association could have significant impact on a clinician's evaluation of a patient's anticipated clinical outcome and may help to inform clinical trials evaluating therapies to prevent and treat ARDS.
The Large observational study to UNderstand the Global impact of Severe Acute respiratory FailurE (LUNG SAFE) undertaken in 459 ICUs in 50 countries [21] provides a unique opportunity to evaluate associations between pre-existing diabetes mellitus and the presence of ARDS in critically ill patients with acute hypoxemic respiratory failure. Secondary objectives of this analysis were to explore for any association of diabetes mellitus with the progression of AHRF to ARDS, and subsequent clinical outcome.
Methods

Study design
An ancillary analysis of LUNG SAFE was performed. This was a global, multi-centre prospective cohort study that enrolled 4499 patients with AHRF in 459 ICUs across 50 countries. The details of this study have previously been described [21] . Briefly, all patients admitted to a participating ICU were screened daily for AHRF (defined as the concurrent presence of (1) a ratio of partial pressure of arterial blood oxygen content to inspired fraction of oxygen (PaO 2 :FiO 2 ratio) ≤ 300 mmHg, (2) acute pulmonary infiltrates identified on chest x-ray or computed tomography and (3) mechanical ventilation with a positive end-expiratory pressure (PEEP) of at least 5 cmH 2 O) during an enrolment period of 4 consecutive weeks in winter. Exclusion criteria were age below 16 years or inability to obtain informed consent (when required by local regulations).
Data were collected until day 28 (days 1, 2, 3, 5, 7, 14, 21 and 28) , ICU discharge or death (whichever occurred earlier). Day 1 was defined as the day in which the patient met criteria for AHRF (baseline). Outcome data were recorded at hospital discharge or at day 90 (whichever occurred earliest). Meaurement of partial pressure of arterial carbon dioxide (PaCO 2 ) was collected daily. Bicarbonate (HCO Using prospectively identified data, ARDS was defined according to the Berlin ARDS definition [20] : (1) presence of AHRF criteria, (2) onset within 1 week of insult or new or worsening respiratory symptoms, (3) bilateral opacities on chest x-ray or computed tomography and (4) cardiac failure not being the primary cause of AHRF. Patients were identified as having diabetes mellitus if it was a documented co-morbidity. The data collection form used in LUNG SAFE did not allow for inclusion of diabetes type, medications taken, or glycaemic control, and therefore this information was not available for this ancillary analysis. Furthermore, data were only collected for patients who met AHRF criteria. Each site investigator in LUNG SAFE was responsible for ensuring data integrity. No specific guidance on the diagnosis of cardiac failure was given to sites, and the method used to determine whether it was the sole explanation for AHRF was not recorded.
Outcomes
The primary outcome was presence of ARDS. This was defined as meeting criteria for ARDS at any time during the follow-up period from meeting AHRF criteria. Secondary outcomes included development of ARDS (defined as occurring after day 2 from meeting AHRF criteria), duration of invasive mechanical ventilation, and hospital mortality (defined as outcome at day 90, or hospital discharge, whichever occurred earliest) in patients with ARDS. Duration of invasive mechanical ventilation was calculated as the number of days between the date of intubation and the date of extubation (or death, if the patient died during invasive mechanical ventilation).
Statistical analysis
Descriptive statistics included calculation of proportions for categorical variables and mean (± standard deviation) for continuous variables. The AHRF population was stratified according to the presence of diabetes mellitus, and the statistical difference between groups (diabetic patients, non-diabetic patients) was evaluated by chi-square test (or Fisher exact test) for discrete variables and by t test or Wilcoxon rank sum test for continuous variables. The Shapiro-Wilks test was applied to assess normality of data distribution.
Patients were excluded from the primary analysis if cardiac failure was the only cause of AHRF. All clinical variables and covariates were entered into multivariable logistic regression model with variable selection based on a stepwise approach (forward and backward selection combined with a significance level of 0.05 both for entry and retention) to identify a set of independent variables associated with having ARDS at any time during follow up and after the second day after meeting AHRF criteria and with hospital mortality. A documented co-morbidity of diabetes mellitus ("Diabetes diagnosis") was locked into the multivariable model as it was the primary exposure of interest. As most patients in LUNG SAFE met ARDS criteria within 48 h of AHRF onset [21] , those patients who met ARDS criteria after 48 h were studied separately, and were deemed to have developed ARDS. If diabetes mellitus was not detected as a statistically significant predictor in the final multivariable logistic regression model, for each outcome the entry of this variable was forced into the model. We also evaluated in the models the interaction term "diabetes and presence of a pulmonary ARDS risk factor" in order to assess a possible different effect of diabetes mellitus on outcomes in patients with or without a pulmonary ARDS risk factor. Results of logistic models are shown as odds ratios (ORs) with 95% confidence intervals (CIs) and p value. No assumptions were made for missing data.
To account for the differences in baseline characteristics between patients with AHRF, propensity score was used to match (1:1 without replacement) diabetic and non-diabetic patients. Propensity score was estimated using a logistic regression model that had "presence of diabetes" as the response variable and that contained as predictors sex, age, body mass index (BMI), non-pulmonary Sequential Organ Failure Assessment (SOFA) score (adjusted for missing values), co-morbidities (chronic liver failure, chronic renal failure, chronic heart failure, haematologic neoplasm, immunosuppression, active neoplasm, chronic obstructive pulmonary disease (COPD) or home ventilation), ARDS risk factors and ventilator variables at baseline. The balance in measured variables between groups (diabetic and non-diabetic subjects) has been assessed using standardised difference and a value of less than 0.10 likely denoted a negligible imbalance. The association between diabetes mellitus and outcomes of interest was assessed in matched samples using McNemar's test for dichotomous outcomes and Wilcoxon signed ranks test for continuous outcomes.
Kaplan-Meier analysis was applied to estimate the probability of hospital mortality within 90 days of AHRF onset. It was assumed that patients discharged alive from hospital before 90 days were alive at day 90. The difference in survival curves between diabetic and non-diabetic patients was evaluated using the log-rank test.
All p values were two-sided, and a p value less than 0.05 was considered statistically significant. Statistical analyses were performed using SAS software, version 9.4 (SAS Institute, Cary, NC, USA) and with R, version 3. 
Results
AHRF was identified in 4499 patients: 392 patients (8.7%) were excluded from the primary analysis because their respiratory failure was fully explained by cardiac failure (Additional file 1: Figure S1 ). Of the remaining 4107 patients with AHRF, 3022 patients (73.6%) fulfilled ARDS criteria within 2 days of AHRF onset (N = 2813; 93.1%) or developed ARDS during their ICU admission (N = 209; 6.9%). A total of 913 patients (22.2%) had diabetes mellitus and of these, 657 (72.0%) met ARDS criteria during their ICU admission (Additional file 1: Table S1 ). The baseline characteristics of patients with AHRF are summarised in Table 1 . Patients with diabetes mellitus were older, had a higher BMI, received mechanical ventilation with larger tidal volumes and higher plateau pressures, had more co-morbidities but were less likely to have a risk factor for ARDS. Active neoplasm, haematological neoplasm and immunosuppression occurred more frequently in non-diabetic patients.
Presence of ARDS (at any time)
There was no difference in the incidence of ARDS between patients with and without diabetes mellitus (72% with vs. 74% without diabetes mellitus; p = 0.21) (Additional file 1: Table S1 ). In multivariable analysis, there was no association between diabetes mellitus and having ARDS (OR 0.93 (0.78-1.11); p = 0.39). Haematological neoplasm, baseline PaO 2 :FiO 2 ratio, respiratory rate, PEEP and peak inspiratory pressure were significantly associated with having ARDS, whilst COPD or home ventilation were associated with a reduced likelihood of having ARDS (Table 2) . No difference in the relationship between diabetes and incidence of ARDS was detected between patients with or without a pulmonary risk factor (p = 0.99, data not shown).
Development of ARDS (after day 2)
A total of 209 patients developed ARDS after 2 days from meeting AHRF criteria. The proportion of patients who developed ARDS after day 2 was similar between the diabetic and non-diabetic cohort (4.8% vs. 5.2%; p = 0.67) (Additional file 1: Table S1 ).
Patients with diabetes mellitus who developed ARDS after day 2 were older and had more frequent co-existing chronic renal failure, than non-diabetic patients (Additional file 1: Table S2 ).
In patients who remained at risk of developing ARDS after day 2 from meeting AHRF criteria (N = 1294), there was no association identified in multivariable analysis between diabetes mellitus and developing ARDS ; p = 0.22). Baseline peak inspiratory pressure, age, pulmonary risk factors and the combination of pulmonary and non-pulmonary risk factors were all associated with increased likelihood of developing ARDS after day 2 from meeting AHRF criteria (Table 3) .
Outcomes in ARDS
A total of 3022 patients had ARDS at any time during the follow-up period (Additional file 1: Table S1 ). Patients with diabetes mellitus who developed ARDS were older, had a higher BMI, received mechanical ventilation at baseline with higher tidal volumes and plateau pressure, and had more co-morbidities than non-diabetic patients. Documented immunosuppression (unrelated to diabetes mellitus) was more prevalent in those without diabetes mellitus (Additional file 1: Table S6 ). The duration of invasive mechanical ventilation was similar between the two groups overall (13.4 ± 17.0 days vs. 12.5 ± 13.4 days; p = 0.70) and in survivors and non-survivors. Hospital mortality was similar between the two groups (41.6% with vs. 38.8% without diabetes mellitus; p = 0.19) (Additional file 1: Table S7 ). There was no difference in survival probability between patients with and without diabetes mellitus (log-rank test, p = 0.28) (Fig. 1) .
There was no association between diabetes mellitus and hospital mortality in those that had ARDS at any time when analysed using a univariate (Additional file 1: Table S8 ) or multivariate approach ); p = 0.19) ( Table 4) . No difference in the relationship between diabetes mellitus and hospital mortality was detected between patients with or without a pulmonary ARDS risk factor (p = 0.26, data not shown). In patients who developed ARDS after day 2, there was no association between diabetes mellitus and hospital mortality ; p = 0.84) (Additional file 1: Table S10 ).
Assessing the impact of diabetes mellitus using propensity score matching In a matched sample of patients with and without diabetes mellitus there was no difference in baseline characteristics (Additional file 1: Table S11 ). In this cohort of patients, diabetes mellitus was not associated with having ARDS (72.0% with vs. 72.8% without diabetes Table S12 ).
Presence of diabetes mellitus and respiratory muscle dysfunction
Additional file 1: Figure S2 , shows blood PaCO 2 (panel A) and bicarbonate (panel B) over time in diabetic and non-diabetic patients with AHRF. At day 5 after meeting AHRF criteria, patients with diabetes mellitus had a higher blood bicarbonate level, but no difference in blood PaCO 2 . In contrast, at day 14, patients with diabetes mellitus had a higher PaCO 2 but did not have any difference in blood bicarbonate, compared to patients without diabetes mellitus.
Discussion
In this large, global, multi-centre prospective observational study of patients with AHRF, pre-existing diabetes mellitus was not associated with the presence of ARDS in patients who have AHRF not fully explained by cardiac failure. In patients who remained at risk of developing ARDS after 48 h from having AHRF, there was no association between diabetes mellitus and developing ARDS. Finally, in both cohorts, diabetes mellitus did not modify outcomes. Previous studies have evaluated whether there is an association between diabetes mellitus and risk of ARDS [9] [10] [11] [12] [13] [14] [15] [16] 22] , although the results are inconsistent. The LUNG SAFE cohort includes all patients meeting ARDS criteria and provide more robust data than prior observational studies because of the frequency of clinician Fig. 1 Hospital survival in diabetic and non-diabetic patients with acute respiratory distress syndrome (ARDS). Kaplan-Meier graph shows survival status for patients with and without diabetes mellitus. There was no difference in survival probability between the two groups (log-rank test, p = 0.28) under-recognition of ARDS [21] . Moreover, that LUNG SAFE comprises 3022 patients with ARDS from 459 ICUs in 50 countries means the findings are more generalizable. Although there are fewer patients with diabetes mellitus, this cohort included many more patients with ARDS than were included in a meta-analysis of this topic [23] . The findings presented in this study are relevant to clinicians evaluating the risk of a patient with a pre-existing history of diabetes mellitus developing ARDS in the setting of AHRF, as well as their outcome.
The limitations of this study include those inherent in observational studies. Epidemiological studies suggest that 5-15% of patients admitted to the ICU have unrecognised diabetes mellitus [8] . Given that data were not collected during LUNG SAFE to identify patients with unrecognised diabetes mellitus, a proportion of patients will be incorrectly categorised. Furthermore, this was not a pre-specified analysis in the LUNG SAFE study, and therefore does not include all the variables that would be of interest when investigating diabetes mellitus and ARDS. As a consequence, it is only possible to adjust for confounding factors that were collected as part of LUNG SAFE [21] . Like most of the previously published data, this cohort was not separated into different types of diabetes mellitus. Although patients with diabetes mellitus had a significantly higher BMI compared with non-diabetic patients (Table 1) , we are unable to confirm if this reflects the majority of patients with diabetes mellitus being diagnosed as having type 2 diabetes mellitus. This is potentially important because of the different pathophysiological processes between the various forms of diabetes mellitus that may exert different effects in ARDS. However, in an exploratory analysis of a previous observational study, it was identified that both type 1 and type 2 diabetes mellitus were independently associated with reduced development of ARDS [14] . The results presented in this study are hypothesis generating. Any risk or protective effect associated with diabetes mellitus may be modified by the magnitude of pre-existing glucose intolerance, chronic end-organ complications of diabetes mellitus and chronic glucose-lowering drugs [24, 25] . Accordingly, future investigations of the relationship between diabetes mellitus and ARDS should aim to have a more rigorous screening process for diabetes mellitus and should consider evaluating an association between different types of diabetes mellitus and ARDS, as well as the confounding effects of treatment.
In LUNG SAFE, the criteria for AHRF determined that patients who were included in the analysis had significant lung injury at the point of entry into the study. Whilst this describes a significant proportion of patients who develop ARDS, the cohort of patients "at risk" of ARDS include those with less significant physiological derangement (e.g. patients with pneumonia but a PaO 2 :-FiO 2 ratio > 300 mmHg), and therefore does not include all patients at risk of ARDS. The LUNG SAFE study did not collect detailed data on all screened patients (Additional file 1: Figure S1 ). Therefore, it was not possible to assess the relationship between diabetes mellitus and ARDS in all patients at risk. This includes patients with respiratory failure who were not receiving ventilatory support, both within and outside the ICU environment, therefore limiting the applicability of these findings. Finally, it is possible that the sample of patients developing ARDS after day 2 was too small to detect an association with diabetes mellitus.
In this analysis of the LUNG SAFE cohort, patients who had AHRF only due to cardiac failure were excluded, providing a clearer description of the relationship between diabetes mellitus, ARDS and outcomes of AHRF. When these patients were included in the analysis, diabetes mellitus was associated with a reduced risk of developing ARDS (data not shown). This is explained by more patients with diabetes mellitus having their AHRF fully explained by cardiac failure (11.6% with vs. 7.8% without diabetes mellitus; p = 0.0002). Most prior observational studies that demonstrated a protective effect of diabetes mellitus on ARDS, did not exclude patients who developed cardiac failure from their at-risk population [9, 10, 12, 14] . In one study that excluded patients with cardiogenic pulmonary oedema at the onset of septic shock, patients with diabetes mellitus developed ARDS less frequently than those patients without diabetes mellitus; however, in a final multiple logistic regression analysis diabetes mellitus was not significantly associated with ARDS [16] . This demonstrates that combining patients who develop cardiac failure with those that have neither ARDS nor cardiac failure can cause a bias in the estimates of the effect of diabetes mellitus on ARDS [16] , and the results presented in this analysis of LUNG SAFE support that finding. Future studies evaluating exposure risk in ARDS should consider excluding patients who develop acute hypoxaemic respiratory failure due to cardiac failure in their risk analysis.
Most patients met ARDS criteria within the first 48 h of having AHRF. In those patients that developed ARDS (i.e. after day two from AHRF), there was no association between diabetes mellitus and ARDS. This expands on the understanding gathered from previous observational studies. Patients with diabetes mellitus received more injurious mechanical ventilation at baseline (Table 1) , and it is possible that ventilator-induced lung injury negated any protective effect that diabetes mellitus has upon the development of ARDS. There was no statistically significant association between diabetes mellitus and reduction in mortality in those who developed ARDS, a finding that supports prior observational data [9, 10, 12, 14] .
The results of most previous studies have demonstrated that diabetes mellitus is not associated with increased ICU mortality [17] [18] [19] . However, in some circumstances diabetes mellitus may have a negative effect upon patients' health and outcome from disease. For example, during the 2009 H1N1 influenza pandemic, diabetes mellitus was associated with more severe infection and with a greater risk of death [26] . Similarly, diabetes mellitus is associated with an increased risk of hospitalisation from community-acquired pneumonia and bacterial infection [27] , with patients < 40 years of age at the highest risk when compared with age-matched controls [28] . ARDS can be sub-divided into "direct" and "indirect" based on the underlying insult, and both influenza and community-acquired pneumonia would be considered direct insults. Given the association between diabetes mellitus and more severe disease, it is plausible that there is a harmful association between diabetes mellitus and ARDS in patients who have direct risk factors. However, previous data have demonstrated that diabetes mellitus is independently associated with reduced risk of mortality in direct ARDS (defined as ARDS associated with gastric aspiration or pneumonia) [29] . Interestingly, in this ancillary analysis of LUNG SAFE, there was no association between diabetes mellitus and ARDS or hospital mortality among patients who had at least one pulmonary risk factor. This difference may be explained by the difference between the included patients, as LUNG SAFE included inhalational injury, pulmonary contusion, pulmonary vasculitis and drowning, alongside gastric aspiration and pneumonia, as direct risk factors.
Diabetes mellitus may act as a confounding factor for receiving insulin therapy, and it may be that the previously observed protective effects of diabetes mellitus in ARDS may reflect an immune-modulatory effect of medications such as insulin [30] . Pre-clinical studies have demonstrated protective benefits of insulin therapy in lung injury secondary to trauma [31] , and when used to maintain euglycaemia in ARDS secondary to endotoxaemia [32] . However, other data suggest that immune hypo-responsiveness in diabetes mellitus is reversed by insulin therapy, and associated with alveolar neutrophil infiltration and increased alveolar concentration of pro-inflammatory cytokines in lipopolysaccharide (LPS)-induced lung injury [33] , suggesting that insulin may restore immune function and therefore could reverse some of the protective effects of diabetes mellitus in relation to ARDS. Other medications that have been identified as having potential immuno-modulatory effects, including metformin [34, 35] , aspirin [36] ace-inhibitors [4] and statins [37] may act as confounding factors in this study. Diabetic polyneuropathy has been demonstrated to affect respiratory neuromuscular function in patients with type 2 diabetes mellitus [38] , but it is unknown whether diabetic polyneuropathy has a significant impact in patients with AHRF. In an assessment of blood PaCO 2 and bicarbonate over time in patients with and without diabetes mellitus, there was no trend identified to suggest that respiratory muscle insufficiency was greater in either cohort. However, this analysis is limited, and further assessment of this important, potential confounding factor, may be warranted.
Patients with diabetes mellitus had significant differences in their baseline co-morbidities when compared to patients without diabetes mellitus. To account for this, a post-hoc propensity score was used to match patients with and without diabetes mellitus. This analysis did not demonstrate an association between diabetes mellitus and outcomes of interest, suggesting that the absence of an effect of diabetes mellitus in the wider AHRF population is unlikely to have been due to baseline population imbalance.
Conclusions
In this global, multi-centre, prospective observational study of mechanically ventilated patients with AHRF, there was no association identified between diabetes mellitus and ARDS or outcomes. These findings are hypothesis generating and may inform clinicians about the risk of developing ARDS and the outcomes of patients with diabetes mellitus and AHRF. Further research is required to establish if there is an effect between the type and severity of diabetes mellitus, as well as the confounding effect of treatment for this condition, and the development and outcome of ARDS. 
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